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Magnetic propertiesFully amorphous rods with diameters up to 2 mm diameter were obtained upon 0.5 at.% Cu addition to
the Fe36Co36B19.2Si4.8Nb4 bulk metallic glass. The Cu-added glass shows a very good thermal stability
but, in comparison with the Cu-free base alloy, the entire crystallization behavior is drastically changed.
Upon heating, the glassy (Fe36Co36B19.2Si4.8Nb4)99.5Cu0.5 samples show two glass transitions-like events,
separated by an interval of more than 100 K, in between which a bcc-(Fe,Co) solid solution is formed.
The soft magnetic properties are preserved upon Cu-addition and the samples show a saturation magne-
tization of 1.1 T combined with less than 2 A/m coercivity. The relaxation behavior prior to crystalliza-
tion, as well as the crystallization behavior, were studied by time-resolved X-ray diffraction using
synchrotron radiation. It was found that both glassy alloys behave similar at temperatures below the
glass transition. Irreversible structural transformations take place when approaching the glass transition
and in the supercooled liquid region.
 2015 Acta Materialia Inc. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Ferromagnetic metallic glasses and the resulting nanocrys-
talline alloys, produced through crystallization of the correspond-
ing glassy precursors, are the softest magnetic materials known
so far [1]. Based on their unique magnetic properties, many prod-
ucts consisting of ferromagnetic metallic glasses such as for exam-
ple anti-theft labels or highly efﬁcient magnetic transformers are
widely used [2,3]. Since the ﬁrst ferromagnetic metallic glass
Fe-C-P was found in 1967 [4], Fe- and (Fe,Co)-based alloys are
regarded as attractive industrial alloys due to a relatively low price
and simple routes for fabrication. In general, multi-component
alloys require lower critical cooling rates for glass formation and
promote the formation of bulk metallic glasses (BMGs). Together
with their high strength and good corrosion resistance [5–8], ferro-
magnetic metallic glasses may have a good potential for applica-
tion as advanced functional and structural materials. Within
several new BMG families developed in the last decade, (Fe–Co)–Si–B–Nb glassy alloys play an important role because they combine
high glass-forming ability (GFA) with good magnetic and mechan-
ical properties [9]. It was shown that the best composition in this
alloy family is the Fe36Co36B19.2Si4.8Nb4 alloy, which may be cast
as amorphous rods with a diameter up to 7 mm [10]. These
BMGs can reach a compressive strength of 4000 MPa [11] and
show a DC magnetization of 1.13 T [10]. It was demonstrated that
at least in the case of Fe-based glassy ribbons with small contents
of Nb, minor addition of Cu might be a good way to trigger
nanocrystallization of Fe(Si), averaging out the magnetic aniso-
tropy and therefore increasing the soft magnetic properties, similar
as in case of FINEMET alloys [12]. However, the nanocrystallization
provokes a serious embrittlement of the ribbons, which makes
their handling difﬁcult.
In the (Fe-Co)-B-Si-Nb bulk amorphous alloy system, several
groups have tried to elucidate the inﬂuence of a minor addition
of Cu on GFA, mechanical and magnetic properties of the resulting
alloys. Jia et al. reported on the GFA of (Fe36Co36B19.2
Si4.8Nb4)100xCux (x = 0, 0.5, 0.6, 0.7 and 1.0) alloys [13]. It was
found that upon 0.6 at.% Cu addition 1 cm long fully glassy rods
with 4 mm diameter can be cast. Shen et al. established that
in situ formation of (Fe,Co) and (Fe,Co)23B6 microcrystalline grains
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(Fe36Co36B19.2Si4.8Nb4)99.75Cu0.25 BMG composite [14]. Inoue et al.
reported on the effect of crystallization of Fe–Co–B–Si–Nb–Cu
glassy alloys on their soft magnetic properties by heat treatment
[15]. In the case of (Fe36Co36B19.2Si4.8Nb4)98Cu2 amorphous rib-
bons, we found that during the solidiﬁcation process the primary
crystalline phase is the o-(Fe,Co)3B metastable phase, which is
replaced by a-(Fe,Co), (Fe,Co)23B6 and (Fe,Co)2B phases under
slower cooling conditions [16]. The precipitation of a-(Fe,Co) is
beneﬁcial for the improvement of the soft magnetic properties of
as-cast rods. However, further improvement of the mechanical
properties of these glassy alloys, and particularly their plastic
deformation, are necessary. In more recent studies [17] we have
shown that the addition of 1–3 at.% Cu to the
Fe36Co36B19.2Si4.8Nb4 base alloy results in a ﬁne nanocrystalline
structure consisting of a mixture of different phases including
a-(Fe,Co) and fcc-Cu. This mixture of different phases did not dete-
riorate the soft magnetic properties, but the composites were very
brittle.
Motivated by these studies, we considered to add less than
1 at.% Cu to the Fe36Co36B19.2Si4.8Nb4 base alloy (hereafter named
BA100). Due to the fact that a control of compositional variation
of the Cu content in steps of 0.1 at.% would not be industrially
viable, in this paper we consider only one Cu-containing composi-
tion, i.e. BA99.5Cu0.5. In a very recent work [18] we have shown that
BA99.5Cu0.5 BMG samples exhibit signiﬁcant plastic deformation
under compressive loading and studied the changes induced by
mechanical loading through in situ X-ray diffraction using syn-
chrotron radiation. In the present work we discuss in detail the
changes on GFA and on thermal stability as well as the in situ struc-
tural relaxation brought by the 0.5 at.% Cu addition to the base
composition. Additionally, the DC magnetic properties are
discussed.2. Experimental procedure
Alloy ingots with composition (Fe36Co36B19.2Si4.8Nb4)99.5
Cu0.5 (at.%) were produced in argon atmosphere by
induction-melting mixtures of pure Fe (99.9 mass%), Co (99.9
mass%), Si single crystal pieces (99.999 mass%), crystalline B
(99.8 mass%), Fe25Nb75 eutectic pre-alloy (99.9 mass%) and Cu
(99.9 mass%). The binary Fe25Nb75 pre-alloy was prepared previ-
ously in an arc-melter under a high-purity argon atmosphere (i.e.
99.998%). Pieces of the alloyed ingots were melted in quartz tubes
and the melt was subsequently injected into a water-cooled copper
mold under a high-purity argon atmosphere to produce
rod-shaped specimens with 1 and 2 mm diameter and a length of
50 mm. The melting temperature of the alloys was carefully mon-
itored by an infrared pyrometer.
The structure of the as-cast rods as well as their in situ relax-
ation and crystallization behavior was examined by X-ray diffrac-
tion (XRD) in transmission conﬁguration using a high intensity
monochromatic synchrotron radiation with an energy of
99.15 keV (k = 0.01249 nm) at the ID11 beamline at ESRF
Grenoble, France. Samples cut from rods with 1 or 2 mm diameter
were crushed in small pieces and closed under vacuum in quartz
capillary tubes and placed in a computer-controlled Linkam hot
stage. Samples stemming from the 2 mm diameter rods were used
for in situ continuous heating up to complete crystallization, while
the relaxation studies were performed for 1 mm diameter samples.
In the latter case, the samples were cyclically heated and cooled
with 10 K/min in the beam. During the ﬁrst step, the samples were
heated up to a temperature approximately 30 K lower than the cor-
responding glass transition temperature, then cooled down close
to room temperature (the second step), and heated above thecrystallization temperature in the third step. In order to analyze
the crystallization behavior, the samples were heated continuously
with 10 K/min from room temperature to 1073 K. Prior to the heat-
ing experiments, the Linkam hot-stage was carefully calibrated by
in situ checking the melting points of pure (minimum 99.9%) Sn, Zn,
Al and Ge elements. The 10 K/min heating rate at which all heating
experiments were performed was chosen due to technical consid-
erations. The diffraction images were recorded with a 2D detector
(FReLoN CCD camera) and further integrated with respect to the
radial and azimuthal coordinates on the 2D detector using the
FIT2D software [19] in order to obtain the diffraction patterns.
During the integration the patterns were carefully corrected for
dark current and background. The sample-to-detector distance
was calibrated using LaB6 and CeO2 NIST standard powders. In
order to facilitate the comparison and for better physical under-
standing, the diffracted intensity I is plotted further as a function
of the wave vector Q = (4 p sinh)/k, where h is half of the scattering
angle.
The thermal stability and the melting behavior of the specimens
were evaluated by differential scanning calorimetry (DSC) at con-
stant heating and cooling rates of 20 K/min. The viscosity in the
supercooled liquid region of the BA100 and BA99.5Cu0.5 amorphous
rods as a function of temperature was measured by parallel plate
rheometry using a Perkin-Elmer TMA7 instrument (heating rate
20 K/min).
The room temperature M-H hysteresis loops were recorded
using a physical property measuring system (PPMS) equipped with
a vibrating sample magnetometer (VSM) head. The coercivity was
directly measured using a Coercimat-type device under a DC mag-
netic ﬁeld, which can be continuously changed from 250 mT
to + 250 mT. The thermomagnetic curves were recorded from room
temperature up to 973 K with a Faraday magnetometer equipped
with a permanent magnet providing a magnetic ﬁeld gradient.
Additionally, the density of the specimens was evaluated by the
Archimedes’s method, using a computer controlled microbalance
and dodecane (C12H26) as working liquid. The ﬁnal values were
obtained by averaging over 50 experimental values.
The accuracy of the experimental data lies within ± 2.5 K in the
case of DSC measurements and thermomagnetic curves, ± 0.1 A/m
for coercivity, ± 80 A/m (i.e. 1 Oe) for VSM measurements and
0.5% for density measurements. In the case of synchrotron XRD
the maximum value for the wave vector Q was set to 100 nm1.
Accordingly, an accidental shift of the sample position with
0.1 mm along the beam direction would result in a shift by
0.006 nm1 for the maxima centered around 31 nm1 and
0.01 nm1 for the maxima centered around 52 nm1. The XRD
and DSC results proved that the 1 mm and 2 mm diameter rod
samples are structurally identical, i.e. fully amorphous, and the
glass transition, crystallization and meting events take place at
the same temperatures (within the measurement errors).3. Results and discussion
3.1. Thermal stability and in situ structural evolution
Fig. 1 compares the DSC thermograms for BA100 and BA99.5Cu0.5
amorphous rods with 2 mm diameter. The melting behavior is
affected by the addition of 0.5 at.% Cu: an extra endothermic event
can be observed, but both alloys are off-eutectic and melt within
the same range of temperatures. Interestingly, the lower tempera-
ture behavior is drastically changed. The base BMG undergoes
clearly a glass transition event with onset at 826 K, followed by
the supercooled liquid region (SLR) and crystallization, which
starts at 869 K. Furthermore, two other small exothermic peaks
can be observed. This type of alloy forms only one complex phase
Fig. 1. DSC traces of BA100 and BA99.5Cu0.5 amorphous rods with 2 mm diameter,
measured with 20 K/min constant heating rate (base lines not subtracted).
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other peaks are associated to the ﬁnal transformation of the resid-
ual amorphous matrix. In the case of the Cu-containing alloy, a
glass transition-like event still can be observed, which is shifted
towards lower temperatures. A large exothermic transformation
centered at 838 K, which in other Cu-substituted alloys was asso-
ciated to the nanocrystallization process [22], follows. Another
glass transition-like event and subsequently a pronounced crystal-
lization peak can be observed. Nevertheless, this apparent
endothermic phenomenon currently attributed to a second
glass-transition could result upon superposition of another
exothermic event- as for example a crystallization with a small
heat effect. The crystallization peak centered around 944 K has
the tendency to broaden towards higher temperatures. Then,
immediately above 1015 K, a last small exothermic event can be
detected, most probably indicating complete crystallization of
the remaining amorphous matrix. At approximately 1280 K, a kind
of double endothermic event is present, which is not so apparent in
the case of the BA100 sample. This last endothermic event prior to
melting may indicate an allotropic transformation, as for example
a bcc-to-fcc transition of the a-Fe-type solid solution.Fig. 2. DSC traces (base line subtracted) of the BA99.5Cu0.5 amorphous rod samples
with 2 mm diameter. The characteristic temperatures are illustrated with bold
characters. The inset displays the variation of the viscosity as a function of
temperature, clearly proving that the Cu-added sample shows two supercooled
liquid regions.For clarity, Fig. 2 shows the DSC traces of the BA99.5Cu0.5 amor-
phous rod samples with 2 mm diameter only at lower tempera-
tures and with the base line subtracted. The characteristic
temperatures are marked in the ﬁgure and the notations are the
usual ones: Tg stands for the glass transition temperature and Tx
for the crystallization temperature. All temperatures were deter-
mined as the onset of the corresponding events using the
two-tangent method. The values for both BA100 and BA99.5Cu0.5
amorphous samples are summarized in Table 1. In order to study
the crystallization sequence in detail, selected XRD patterns are
plotted in Fig. 3. In order to correlate the diffraction data with
the DSC thermograms, the temperatures corresponding to each
pattern are marked with dotted vertical lines in Fig. 2. A detail of
the continuous evolution of the structure between 794 K and
910 K is further provided in Fig. 4. The structural changes, which
can be easily observed in the corresponding XRD patterns pre-
sented in Fig. 3, can be correlated straightforward with the thermal
behavior. At room temperature the as-cast sample is fully amor-
phous. Once the sample reaches Tx1 (813 K) the crystallization
starts, but a relatively long time would be needed for complete
crystallization. The ﬁrst broad diffraction peak characteristic of
glassy materials is still present, which indicates that still some
amorphous matrix has not yet transformed and/or the crystallized
products are in the nm-range. The incipient Bragg peaks can be
attributed to the bcc-(Fe,Co) solid solution. Most probably the
low level of Cu, assisted by the positive heat of mixing between
Cu and Fe [23], promotes the primary nanocrystallization of the
bcc solid solution. At 866 K and 902 K, i.e. below and at the slightly
endothermic event having its onset at Tg2 = 902 K (i.e., an event
associated most probably with the glass transition of the remain-
ing amorphous matrix) the structure of the sample consists of only
bcc-(Fe,Co) solid solution along with the residual amorphous
matrix. Judging from the relative intensities and the shape of the
peaks (for clarity see Fig. 4) it can be assumed that at 902 K the
sample contains a larger amount of bcc-(Fe,Co) solid solution than
at 866 K. This is consistent with the DSC thermograms, in which
the ﬁrst crystallization event extends over 100 K. As mentioned
in the experimental part, due to technical limitations the continu-
ous in situ heating was performed at 10 K/min, i.e. a heating rate
lower than the 20 K/min used for the DSC measurements. It is
known that at lower heating rates the main temperatures may
shift towards lower values [20]. Accordingly, the DSC temperatures
marked in Fig. 2 might not correspond directly to those marked in
Fig. 3. This is equivalent with the consideration that the XRD pat-
terns from Fig. 3 reveal the actual structure at a slightly higher tem-
perature than those indicated in the ﬁgure. Moreover, this proves
the thermal stability of the sample. Furthermore, the patterns pre-
sented in Fig. 4 start in the supercooled liquid region (SLR) of the
initially fully amorphous and homogeneous (as proved by XRD
measurements, see Fig. 3) BMG sample and ﬁnish within the
supercooled liquid region of the remaining amorphous matrix.
The crystalline peaks superimposed on the amorphous broad max-
ima are characteristic only for a bcc-(Fe,Co) solid solution.
Nevertheless, 902 K is a very high temperature for a glass transi-
tion and with 108 K above the ﬁrst glass transition temperature.Table 1
Characteristic temperatures of the as-cast BA100 and BA99.5Cu0.5 BMG rods with 2 mm
diameter: Tg stands for the glass transition event(s), while Tx refers to the
crystallization event(s). For details see Fig. 2.
Tg Tx
Temperature [K] BA100 alloy 826 869
Tg1 Tx1 Tg2 Tx2 Tx3 Tx4
Temperature [K] BA99.5Cu0.5 alloy 794 813 902 929 975 1015
Fig. 3. XRD patterns for BA99.5Cu0.5 amorphous rod samples with 2 mm diameter at
different temperatures. The corresponding temperatures are marked with dotted
lines in Fig. 2. The patterns were measured in transmission conﬁguration using
synchrotron radiation upon in situ continuous heating.
Fig. 4. Detail of the continuous evolution of the structure between 794 K and 910 K
measured in situ for a BA99.5Cu0.5 amorphous rod samples with 2 mm diameter.
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glasses containing Nb show very high glass transition tempera-
tures, close or even above 900 K [24]. As mentioned before and
seen especially in Fig. 4, the amount and/or dimensions of the
(Fe,Co) solid solutions crystallites increase gradually and, as a con-
sequence, the composition of the residual matrix changes continu-
ously. In this way it becomes strongly enriched in Nb, as well as in
B and Si, and this may increase its stability against crystallization,
thus leading to a higher glass transition temperature.
If one assumes that the presence of Cu may provoke clustering
of (Fe,Co) atoms upon casting, then at the early stages the primary
precipitation proceeds through fast nucleation. For further growth
of the nanocrystals diffusion processes over longer distances are
necessary, which require time. Due to the primary crystallization,
the composition of the remaining amorphous matrix changes con-
tinuously as the (Fe,Co) crystals grow. To clarify this aspect, the
inﬂuence of temperature on the viscosity of the as-cast BA100 and
BA99.5Cu0.5 amorphous samples was studied by parallel plate
rheometry (see the inset in Fig. 2). For these measurements, small
slices cut from 2 mm diameter rods were carefully plan-parallel
polished. However, the aspect ratio of the samples, i.e. the height
h to radius r ratio, was in our case larger than 0.25, the value up
to which Stefan’s equation can be applied without corrections
[25–27]. Instead, the viscositygwas calculated taking into account
the change of the height of the sample versus time, as well as of the
volume:g ¼  2pFh
5
3V2 dhdt
  ; ð1Þ
where F is the applied load (i.e. 2.6 N) and V is the volume of the
sample. This allows viscosity measurements in the range from 105
to 1011 Pa s [25–27].
In the case of the BA100 sample, the viscosity starts to decrease
at the onset of the glass transition temperature (i.e. 826 K), drop-
ping from 2.3  109 to 107 Pa s. As seen in Fig. 1, the crystallization
ﬁnishes slightly before 900 K. At this temperature the viscosity
recovers its initial higher value (see the inset in Fig. 2). As men-
tioned in previous works [20], the base alloy forms only one com-
plex phase of the Fe23B6 type by primary crystallization. Moreover,
the crystallization proceeds with a very short incubation time, but
for complete crystallization a long time is required [20]. The vis-
cosity drop presented in the inset in Fig. 2 follows this trend: the
viscosity drops at Tg and increases again when the exothermic
event associated with primary crystallization sets in.
For BA99.5Cu0.5 amorphous samples, the viscosity decreases
with increasing temperature from about 2.2  109 Pa s at 700 K
to 3  108 Pa s at 832 K, which indicates as well the occurrence
of a glass transition and the transformation of the glassy solid into
the supercooled liquid. Above 832 K the viscosity starts to increase
with increasing temperature, indicating the loss of liquid-like
behavior. However, the increase is not abrupt and this is consistent
with the broad ﬁrst exothermic event observed in the DSC. Above
900 K, a second drop of viscosity is visible, and with further tem-
perature increase it decreases from about 2.2109 Pa s to
2.5108 Pa s at 944 K. This clearly indicates the occurrence of a sec-
ond glass transition, characteristic to the remaining amorphous
matrix. The peak temperatures of the viscosity minima (832 K
and 944 K) match almost perfectly the peak temperatures of the
crystallization events as seen in the DSC (838 K and 944 K), while
the temperatures where the viscosity starts to decrease seem to
be shifted towards higher temperatures when compared with the
DSC thermograms. This is just a measurement artifact and can be
explained if one assumes that the fast succession of the endother-
mic glass transition and the exothermic crystallization events can-
not be strictly followed by the device. Moreover, the TMA
measures the temperature of the heater and not directly the sam-
ple temperature.
For the BA99.5Cu0.5 sample, at 930 K, i.e. immediately above the
second crystallization step (Fig. 2), new crystalline peaks attribu-
ted to an fcc (Fe,Co,Nb)23B6-type phase appear, which coexists with
the bcc (Fe,Co) solid solution (Fig. 3). Further heating to 980 K, i.e. a
temperature above the small exothermic event superimposed on
the second crystallization peak and which is considered here the
third crystallization step, causes the appearance of new peaks in
the XRD pattern, which can be attributed to the equilibrium tetrag-
onal phase (Fe,Co)2B. The ﬁrst broad peak can be seen even after
heating the sample up to 930 K, which may indicate the presence
of a residual amorphous matrix. At 1015 K (see Figs. 1 and 2) an
extra small exothermic event might be present. The XRD pattern
for the sample annealed at 1023 K clearly shows an increased
amount of the (Fe,Co)2B phase coexisting with the (Fe,Co) solid
solution and the (Fe,Co,Nb)23B6-type phase.
Taking into account all experimental ﬁndings, the evolution of
the structure of the BA99.5Cu0.5 BMGs can be summarized as
follows: amorphous phase 1? amorphous phase 2 + (Fe,Co)?
residual amorphous phase (eventually) + (Fe,Co) + (Fe,Co,Nb)23B6?
(Fe,Co) + (Fe,Co,Nb)23B6 + (Fe,Co)2B. This sequence is completely
different from the one found for the base alloy [20], in which
the amorphous sample transforms almost completely through a
single sharp crystallization event into the (Fe,Co,Nb)23B6 phase
(see also Fig. 1). However, there remains a small volume fraction
of a residual amorphous matrix, which crystallizes after a large
M. Stoica et al. / Acta Materialia 95 (2015) 335–342 339temperature interval (i.e. 120 K) into a mixture of the equilibrium
tetragonal (Fe,Co)2B phase and metastable orthorhombic (Fe,Co)3B.
The differences in the crystallization behavior are certainly linked
to the different atomic arrangements in the two types of
amorphous alloy samples. Therefore, it is reasonable to expect
different macroscopic properties.3.2. In situ studies of structure relaxation prior crystallization
We have recently shown that the BA99.5Cu0.5 amorphous rods
with 1 mm diameter can undergo a compressive plastic deforma-
tion up to 3.8% strain at fracture (for additional details see [18]).
This is an important ﬁnding, because the usual brittleness of soft
ferromagnetic BMGs may hinder their application. The Fe-based
BMGs, despite being very strong, may break directly upon casting
if one tries to use molds with complex geometries [28].
Improving the plastic deformation is in this case associated with
the need for casting samples with adequate geometries for direct
use as magnetic parts, rather than to the idea of making the
Fe-based BMGs suitable for structural applications. It was found
[18] that upon compression tests, despite numerous serrations in
the stress–strain curve and 1.5% pure plastic strain, the samples
do not deform as expected, i.e. via extensive shear band creation.
However, there are indications that some layers have ﬂowed and
this phenomenon took place before the brittle ﬁnal fracture. The
overall performance and the macroscopic plastic strain depend
on the interaction between cleavage-like and viscous ﬂow-like fea-
tures. Further in situ compression tests using synchrotron radiation
provided enough reasons to conclude that such fracture mecha-
nisms may be explained by different mechanical behavior of differ-
ent neighborhood atomic shells [18].
Here, through time-resolved XRD using synchrotron radiation,
we provide evidence for the structural transformation behavior
upon thermal cycling before the glass transition. The room temper-
ature XRD patterns using monochromatic synchrotron radiation,
for both as-cast BA100 and BA99.5Cu0.5 rods with 1 mm diameter,
are presented in Fig. 5. The patterns show only diffuse maxima,
as it is characteristic for amorphous materials. The main, the sec-
ond and the third (i.e. the shoulder) broad maxima, marked in
the ﬁgure and usually named Q1, Q2 and Q3 are centered at
Q1 = 31.039 nm1, Q2 = 51.918 nm1 and Q3 = 60.143 nm1 in the
case of BA100, and at Q1 = 31.117 nm1, Q2 = 52.22 nm1 and
Q3 = 60.63 nm1 in the case of BA99.5Cu0.5. The Q positions were
obtained upon ﬁtting the XRD patterns using a pseudo-VoigtFig. 5. Room temperature XRD patterns collected using monochromatic syn-
chrotron radiation, for both as-cast BA100 and BA99.5Cu0.5 rods with 1 mm diameter.function. The ﬁtting errors are ± 0.003 nm1 for Q1, ± 0.02 nm1
for Q2 and ± 0.07 nm1 for Q3, which are comparable with the abso-
lute errors (i.e. ± 0.006, ± 0.01 and ± 0.02 nm1, respectively) intro-
duced by the uncertainties in determining the sample-to-detector
distance. It can be observed that the ﬁtting errors tend to become
larger for larger Q. This is why only Q1 and Q2 will be considered for
further thermal analysis.
Comparing the positions of the ﬁrst, second and third maxima
for as-cast BA100 and BA99.5Cu0.5 samples one can notice that they
are slightly changed, the differences being in any case at least one
order of magnitude larger than the absolute errors. However, for
both glassy samples the ratio of the Q2/Q1 is almost the same
(1.673 for BA100 and 1.678 for BA99.5Cu0.5, see Fig. 7), as well as
Q3/Q1 (1.938 for BA100 and 1.948 for BA99.5Cu0.5). These values are
in good agreement and extremely close to those predicted for a
perfect icosahedron (Q2/Q1 = 1.7 and Q3/Q1 = 2.0) [29,30], indicating
that both glassy samples with different chemical compositions
have a similar topological short-range order (SRO) characterized
by strong indications for icosahedral arrangement.
The in situ XRD using synchrotron radiation is nowadays an
established method to investigate the structural changes in metal-
lic glasses when resolution in the range of seconds is required [31–
33]. Many details may be obtained even directly from analyses in
the reciprocal space, for example by studying the changes in the
peak positions, intensity and/or full width at half maximum
induced by temperature variations. Fig. 8(a) and (b) shows the
behavior of the ﬁrst two maxima Q1 and Q2: (a) for a BA100 sample
and (b) for a BA99.5Cu0.5 sample upon cyclic heating. For clarity Q2
is shifted down by 20.6 nm1 for th BA100 sample and by 20.8 nm1
for the BA99.5Cu0.5 sample. The glass transition and crystallization
temperatures are indicated by vertical lines and the experimental
data ﬁnish in the vicinity of the corresponding crystallization tem-
peratures. In both cases, the deviation from linearity above Tg and
prior Tx is due to entering into the SLR. The positions of the diffrac-
tion peaks follow the thermal cycle procedure, i.e. heating–
cooling-heating. During heating, the positions of the Q1 and Q2
maxima shift towards smaller values, indicating an expansion of
the interatomic distances (because the Q-values in the reciprocal
space scale inversely proportional with the distances in the real
space), and upon cooling they shift towards higher values. For both
alloys, Q1 and Q2 shift in the same direction before entering into the
SLR, but the slopes of Q1,2(T) are different. Once above Tg the behav-
ior drastically changes: the BA100 sample shows an increase of the
mean interatomic distance, while the BA99.5Cu0.5 sample seems to
become more dense. This can be explained if one assumes that the
Fe atoms starts to cluster and the chemical composition of the
matrix changes continuously. Such behavior is in agreement with
the data presented in Figs. 2 and 4.
Yavari et al. [32] have shown that when approaching the glass
transition temperature, the free volume which may be present in
a glassy sample is annealed out. This would mean that when
approaching the glass transition the position of Q1 would shift fas-
ter towards lower values. As a consequence, if the temperature is
further decreased (the sample being still amorphous but sub-Tg
annealed) and then a second heating follows, one should notice
that the Q1 variation follows the same curve upon cooling-second
heating, but should be different from the one observed during
the ﬁrst heating (for details see reference [32]). More recently,
Mattern et al. [33] have concluded that such analysis is not always
accurate, since the samples are prone to irreversible structural
transformations, i.e. changes in the atomic arrangement. In
Fig. 6(a), as well as in Fig. 6(b), one can clearly see that there are
no differences in behavior upon cyclically heating for our samples.
The variation of both Q1 and Q2 follows the same curves with the
same slopes, observable differences being visible only very imme-
diately before the glass transition. However, the behavior in the
Fig. 6. Behavior of the ﬁrst two maxima Q1 and Q2 for BA100 (a) and BA99.5Cu0.5 (b) samples measured upon cyclic heating. For clarity Q2 is shifted down by 20.6 nm1 for the
BA100 sample and by 20.8 nm1 for the BA99.5Cu0.5 sample. In both cases the corresponding glass transition and crystallization temperatures are marked by vertical lines.
Fig. 7. Peak position ratio for BA100 (curve a) and BA99.5Cu0.5 (curve b) samples as a
function of temperature. The corresponding glass transition and crystallization
temperatures are marked by vertical lines.
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drastically changed: for the BA100 sample the Q1 and Q2 values
decrease continuously, faster than before Tg, while for the
BA99.5Cu0.5 sample they increase. In the case of the BA100 sample
this means expansion of the interatomic distances, as it would be
expected to happen when the temperature increases. For the
BA99.5Cu0.5 sample it seems that the distances between the atoms
shrink immediately before and after the glass transition and, due
to the differences in slopes (i.e. Q2 shifts with a much larger slope
than Q1), the nearest neighbors move over larger distances whenFig. 8. Variation of saturation magnetization with temperature for both BA100 and
BA99.5Cu0.5 amorphous rod samples with 2 mm diameter.compared with the average interatomic distances. Again, such
behavior can be explained if one assumes that the Fe atoms started
to migrate and cluster and the chemical composition of the amor-
phous matrix changes continuously, in perfect agreement with the
DSC, viscosity and XRD data.
For crystalline materials, the linear thermal expansion coefﬁ-
cient a of an interatomic spacing ri can be calculated from the slope
[33]
@QiðTÞ
@T
¼  @riðTÞ
@T
¼ aQi ð2Þ
because Qi = 2p/ri. In the case of amorphous alloys, assuming that
the Ehrenfest equation Qi = 1.23  (2p/ri) [34] can be applied, the
values of the thermal expansion coefﬁcient a estimated from the
slope of the corresponding Q1 plots are 1.29  105 K1 for BA100
sample and 1.33  105 K1 for BA99.5Cu0.5 sample. Both values
are very close, indicating a similar behavior, and comparable with
other values reported in literature [32,33].
The scattered intensity of a glass I(Q) can be calculated using
Debye’s equation [35]:
IðQÞ ¼
X
f if j
sinQrij
Qrij
; ð3Þ
which is the sum over all interatomic distances rij of n atoms mul-
tiplied by the atom form factors fi of the atoms (i, j = 1. . .n). In crys-
talline materials, the thermal volume expansion is usually
accompanied with an increase of the unit cell and correspondingly
of all interatomic distances. If all interatomic distances rij increase
with temperature by the same factor k, i.e. rij(T) = rij(1 + aDT) =
krij, the scattered intensity I*(Q/k) is equal to I(Q) [33]. This means
that all maxima positions Qi* of the scattering functions of I*(Q) are
decreased by a factor 1/k. If this is valid for the thermal expansion of
a metallic glass, or in other words if a metallic glass expands
isotropically, the ratio of any diffraction maxima positions has to
be constant for different temperatures. If one assumes that the
metallic glasses can be described by a hard-sphere model [36],
the positions of the broad maxima are mostly related to the differ-
ent neighborhood shells. If the neighborhood shells have the same
stiffness, they should thermally expand in the same way and the
ratio of any diffraction maxima positions should be always con-
stant. Fig. 7 shows the peak position ratio for BA100 (curve a) and
for BA99.5Cu0.5 samples (curve b). It is seen that at the temperatures
below Tg the ratio Q2/Q1 is virtually constant. However, once
approaching the glass transition there are major differences
between the two alloys, which follow the trend observed in
Fig. 6(a) and (b). Most probably there is a topological atomic rear-
rangement brought by the thermal activation and favored by differ-
ent stiffness of different atomic shells. The actual experimental data
complete our latest results [18] obtained by in situ compression
M. Stoica et al. / Acta Materialia 95 (2015) 335–342 341tests and together with similar works may provide a more complete
image on the effect of Cu additions to the base compositions.
3.3. DC Magnetic properties
Fig. 8 shows the thermomagnetic curves for BA100 and
BA99.5Cu0.5 amorphous rod samples with 2 mm diameter. For tem-
peratures close to TC, the saturation magnetization MS can be
described by [37]:
MSðTÞ ¼ Mð0Þ 1 TTC
 b
; ð4Þ
with the exponent b = 0.36. In order to minimize the errors, the
experimental results were separately plotted as (MS)1/b versus T
(not presented here). Then the Curie temperature was considered
as the temperature were the (MS)1/b deviates from linearity. The
base alloy shows a Curie temperature of 720 K, while it decreases
to 712 K. However, this decrease by only 8 K upon Cu addition is
very small. More interesting is the variation of the magnetization
with temperature. There one can see that in the case BA100 alloy,
which has a crystallization temperature Tx = 869 K [20], the ﬁrst
phase which crystallizes is either nonmagnetic or has the corre-
sponding Curie temperature lower than Tx. This conﬁrms in fact
the previous ﬁndings about the formation of the Fe23B6-type phase,
because this phase is magnetic, its Curie temperature depending
strongly on the content of magnetic atoms (the real composition
is (Fe,Co,Nb)23B6) but being lower than 869 K [20]. As it was shown
previously (see Figs. 1–3), the BA99.5Cu0.5 glass has the onset of the
ﬁrst crystallization event at 813 K and the primary precipitated
phase is bcc (Fe,Co). This is in perfect agreement with the thermo-
magnetic behavior shown in Fig. 8, where one can clearly see that
the crystallized phase has a high Curie temperature, impossible to
be revealed by the current curve due to the technical limitation.
Moreover, the saturation magnetization at 400 K (and implicitly at
room temperature), which is slightly lower compared to BA100
BMG, becomes larger after cooling due to the presence of the crys-
talline bcc (Fe,Co) in ferromagnetic state.
Fig. 9 shows comparison of the hysteresis curves for both BA100
and BA99.5Cu0.5 BMG samples with 2 mm diameter. As observed
upon thermomagnetic investigation, the saturation magnetization
of the Cu-containing amorphous alloy (110 Am2/kg measured at
room temperature by VSM) is just slightly lower than that of base
alloy (113 Am2/kg, measured in the same conditions). Both alloys
show almost zero remanence magnetization and less than 2 A/m
coercive ﬁeld, as measured by a coercimat. The density of the base
alloy was measured to be q = 7768 kg/m3 and the alloy with 0.5%Fig. 9. Hysteresis curves for both BA100 and BA99.5Cu0.5 BMG rod samples with
2 mm diameter.Cu addition has q = 7752 kg/m3, values which, within the measure-
ment errors (i.e. 0.5%), are almost the same. Then, the saturation
polarization calculated as Js = 4p107qMS is for both alloys around
1.1 T, a value which, together with the very small coercivity and
zero remanence, makes the alloys very attractive for applications
as soft magnetic material. In conclusion, the 0.5 at.% Cu addition
does not affect the room temperature soft magnetic behavior,
and, as recently shown [18], it improves the mechanical behavior
considerably.
4. Conclusions
The addition of only 0.5 at.% Cu to the base Fe36Co36B19.2Si4.8Nb4
glassy alloys drastically changes the crystallization behavior.
Amorphous rods cast using the new alloy composition show very
good soft magnetic properties: 1.1 T saturation, less than 2 A/m
coercivity, and 712 K Curie temperature. The variation of the satu-
ration magnetization with temperature is in perfect agreement
with the crystallization behavior as observed by calorimetric stud-
ies. Altogether these values make the glassy samples attractive for
magnetic applications. In situ synchrotron studies have shown that
the two alloys, upon a heating–cooling-heating sub-Tg thermal
cycle, suffer irreversible transformation at the glass transition tem-
perature. In the SLR the positions of the broad diffraction maxima
shift towards smaller values in the case of the base alloy and
towards larger values for the Cu-added alloy.
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